K nowledge of forage nonstructural carbohydrate metabolism and composition as aff ected by genotype and environment may assist in improving the provision of nutritional energy for animals. Nonstructural carbohydrates (NSC) are the major source of energy in the diet of dairy cattle. In cool-season grasses, fructans, polymers of fructose molecules, are dominant ethanol-or water-soluble NSC (Chatterton et al., 1989; Zhao et al., 2008) . Determination of plant NSC composition and concentrations is often necessary to estimate the resources that are available for plant growth, to evaluate forage energy value to grazing animals, and to screen for elevated NSC hazards in the case of cool-season grass forage consumed by equines (Watts, 2004; Longland and Byrd, 2006) .
RESEARCH
K nowledge of forage nonstructural carbohydrate metabolism and composition as aff ected by genotype and environment may assist in improving the provision of nutritional energy for animals. Nonstructural carbohydrates (NSC) are the major source of energy in the diet of dairy cattle. In cool-season grasses, fructans, polymers of fructose molecules, are dominant ethanol-or water-soluble NSC (Chatterton et al., 1989; Zhao et al., 2008) . Determination of plant NSC composition and concentrations is often necessary to estimate the resources that are available for plant growth, to evaluate forage energy value to grazing animals, and to screen for elevated NSC hazards in the case of cool-season grass forage consumed by equines (Watts, 2004; Longland and Byrd, 2006) .
Many colorimetric methods are used for NSC determinations; however, most are time consuming and are not suitable for rapid analysis of a large number of samples. Trent and Christiansen (1986) developed a p-hydroxybenzoic acid hydrazide fl ow-injection assay method for forage carbohydrate, but the method can be used only for measurement of total NSC rather than their components. Nonstructural carbohydrate composition can be determined using
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ABSTRACT
Measurements of nonstructural carbohydrates (NSC) in plant tissues are important to estimate plant organ resources available for plant growth and stress tolerance or for feed value to grazing animals. A popular commercially available assay kit used to detect glucose with a lightsensitive dye reaction was recently discontinued and replaced by a test-tube-scale glucose kit (GAHK-20) that assays glucose through enzymatic coupled reactions and the formation of reduced nicotinamide adenine dinucleotide. The objective of this study was to develop a microplate assay method that uses the GAHK-20 to quantify forage NSC composition. A laboratory microplate enzymatic method was developed for the new glucose kit and evaluated for rapidly assaying NSC components, including glucose, fructose, sucrose, fructan, and starch in 11 species of cool-season perennial grasses. By standard addition, dilution, and temporal tests of enzyme reactions, we found that this microplate enzymatic assay is a rapid and reliable method to quantify NSC composition in grass forage samples. The microplate method allows analysis of many samples per day and considerably improved time and reagent use effi ciencies, especially for a large number of samples. In addition to forage, this method should be suitable for measuring NSC concentrations in fresh or dry tissues of a variety of other plant samples.
high-performance liquid chromatography (HPLC) (Lee, 1990; Young et al., 1993) or gas chromatography (GC) (Davies and Kempton, 1975; Haila et al., 1992) . Both HPLC and GC techniques require expensive apparatus and a considerable amount of time per measurement. When selecting a method for the rapid analysis of NSC from plant tissue samples, several criteria must be considered. Hendrix (1993) summarized that the method must (i) be as rapid as possible without decreasing accuracy, (ii) be highly sensitive for small tissue samples, (iii) use a minimum of expensive or dangerous chemicals, and (iv) not require unique instrumentation. Considering these criteria, Hendrix (1993) developed a colorimetric technique based on the enzyme glucose-6-phosphate dehydrogenase with a tetratzolium dye that could be detected by a microplate reader. In the method of Hendrix (1993) , iodonitrotetrazolium violet, and buff er that requires reactions to be conducted under reduced light conditions. Production of glucose kit 115A was discontinued in 2002. Therefore, adaptation and development of similar microplate methods for analysis of plant tissue NSC composition and concentrations, especially for glucose, fructose, sucrose, starch, and fructan (a dominate NSC in cool-season grasses) with an alternative glucose kit would benefi t plant science researchers.
The glucose assay kit (GAHK-20; Sigma Chemical Co., St. Louis, MO) has been recommended for the quantitative, enzymatic determination of glucose in food and other materials utilizing the HK-G6P dehydrogenase enzymatic assay without any color produced. The glucose assay kit includes a glucose assay reagent (Sigma G3293) and a glucose standard solution (Sigma G3285). The major principle of the GAHK-20 is that glucose is phosphorylated into G6P by ATP in the reaction catalyzed by HK. Glucose-6-phosphate is then oxidized to 6-phospho-gluconate in the presence of oxidized nicotinamide adenine dinucleotide (NAD) in a reaction catalyzed by G6P dehydrogenase (G6PDH). During this oxidation, an equimolar amount of NAD is reduced to nicotinamide adenine dinucleotide (NADH). The subsequent increase in absorbance at 340 nm is directly proportional to glucose concentration. Based on the recommendations of the Sigma Chemical Co., one GAHK-20 kit can be used to analyze glucose of 20 samples (standards + unknowns) with a general spectrophotometer. It was unclear if the GAHK-20 kit can be used to determine other components of NSC. The objective of this study was to develop a microplate enzymatic assay method that uses the reagents in GAHK-20 to quantify forage concentrations of glucose, fructose, and sucrose in a set of serial assays and separate assays each for fructan and starch. Forage samples were collected in the fi eld between 1100 and 1200 h Central Standard Time. The samples were transported to a laboratory and immediately dried at 60°C for 48 h in a forceddraft oven (Heberer et al., 1985) . Dried plant tissues were ground to pass a 2-mm screen in a Wiley mill (Arthur H. Thomas Co., Philadelphia, PA), and a subsample was ground afterward through a 1-mm screen in a cyclone mill (Udy Corporation, Fort Collins, CO) for measurements of forage NSC concentrations, including glucose, fructose, sucrose, fructan, and starch.
MATERIALS AND METHODS

Plant Materials
Reagent Preparation
For plant tissue NSC extraction and determination, the following reagents were prepared: Starch, a water-insoluble NSC in plant tissues, was fi rst solubilized and then hydrolyzed to glucose using enzymes before assaying released glucose following the general procedures described by Hendrix (1993) . After EtOH extraction of the soluble sugars as described above, 1 mL of 0.2 M KOH was added to the plant sample residue remaining in the extraction tube, and the content of the tubes heated in a boiling water bath to solubilize starch contained in the tissue residue. Contents of the tubes were frequently mixed by hand during the fi rst 10 min of starch solubilization and after 1 h of heating, the tubes were allowed to cool to room temperature and 0.2 mL of 1.0 M HOAc was added to each tube to neutralize KOH and give a pH of 6.5 to 7.5 before adding 100 μL of 1 M Tris buff er. Then, 200 μL of α-amylase (Sigma A3403) preparation was added to each tube and the tubes were incubated at 85°C for 30 min in a shaking water bath. Tubes containing the partially hydrolyzed starch were removed from the water bath and cooled to room temperature. The contents of each tube was lowered to pH <5.0 with about 200 μL of 1 M HOAc before adding to each tube 1 mL of amyloglucosidase and incubating the tubes at 55°C for 60 min in a water bath to complete starch hydrolysis (Hendrix, 1993) . The digestion of starch was stopped by placing the tubes in a boiling water bath for 4 min. After hydrolysis, the content of the tube was brought to 6 mL with DI water. The tubes were closed, mixed by hand, centrifuged (10 min at 3000 × g), and the supernatant assayed for glucose as described below.
Analyses of Nonstructural Soluble Carbohydrates
For the calibration curves, a glucose stock solution (1.0 mg mL −1 ) included in the GAHK-20 kit was used to make standard solutions containing 0 to 0.5 mg mL −1 glucose by diluting the stock solution with DI water before analysis. Three 20-μL aliquots of soluble sugar extract from each sample were added to separate wells of a 96-well microplate, except for three columns on the left side of the microplate that were reserved for glucose standards. This permits 24 samples (unknowns) to be assayed per microplate. Microplates, without standards added, were placed in an oven at 50°C for 30 min to remove EtOH from sample wells and bring wells to dryness.
Glucose, Fructose, and Sucrose Assays
Each microplate prepared for sample extract assays was sequentially used fi rst for the assay of glucose, then fructose, and fi nally sucrose. Standards, eight sets of three wells each, were added to each microplate. Standards were 0 (blank), 0.005, 0.0125, 0.025, 0.050, 0.125, 0.250, or 0.500 mg mL −1 glucose in 20 μL of DI water. For glucose, the fi rst of three sequential assays, 20 μL of DI water was added to each well containing dried sample extract, and then a 100-μL mixture of the glucose (HK) assay reagent was added to all wells (including blank and standards) in a microplate. Covered microplates were placed in a small incubator for 15 min at 30°C, removed from the incubator, uncovered, and absorbance of each well measured at 340 nm with a Spectramax Plus microplate reader (Molecular Devices Corporation, Sunnyvale, CA). The microplate reader automatically adjusted absorbance of the blank to zero for each microplate and each time point. For each of the sequential assays a separate linear glucose 7. 1 M acetate/NaOH buff er (pH 4.5): Pour 500 mL of 1 M NaOH solution into a 1-L beaker, add 1 M HOAc with gentle stirring, and monitor the pH until pH 4.5 is attained. Prepare 50 mM of HOAc/NaOH buff er by diluting 100 mL of the 1 M HOAc/NaOH buff er to a volume of 2 L with DI water. 8. Amyloglucosidase solution: Take 600 mL of the 50 mM HOAc/NaOH buff er and add 12 mL of the concentrated enzyme stock solution (Sigma A3042). Mix and pour the mixture into the dialysis cellulose membrane tubes and separate the fi lled tubes into sections of about 100 mL each by tying the membranes into short segments. Place the fi lled tubing into a container with 4 L of cold 50 mM HOAc/NaOH solution at 4°C with gentle stirring. The dialysis solution needs to be changed every 8 h or overnight, allowing at least one change for every 100 mL of amyloglucosidase solution to ensure no glucose is present in the dialyzed amyloglucosidase solution. 9. 0.2 M 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buff er (pH 7. ) to 5 mL of 0.1 M citrate-sodium citrate buff er (pH 6.0), which is suffi cient to assay fi ve 96-well microplates.
Nonstructural Soluble Carbohydrate Extraction and Starch Solubilization
The modifi ed methods of Hendrix (1993) and Zhao and Oosterhuis (1998) were used to extract NSC from ground forage samples. Briefl y, ethanol-soluble sugars (including glucose, fructose, sucrose, and fructan) were extracted by heating samples in an 80°C water bath for 15 min. A mixture of 70 mg of ground tissue and 2 mL of 80% (v/v) EtOH was used for sample extraction. Each sample was extracted two more times and sample tubes were centrifuged (3000 × g) for 10 min after each extraction. The three supernatants were combined in a test tube and brought to a 6-mL fi nal volume with 80% (v/v) EtOH. Sixty milligrams of fi nely ground activated charcoal (Sigma C7606) was added to each sample tube of extract before the tubes were closed and shaken briefl y by hand to mix contents. After standing for 5 min, the tubes were centrifuged at 3000 × g for 15 min to obtain a clear extract. Clear aliquots of sample extracts were used for glucose, fructose, sucrose, and fructan assays. standard curve was obtained automatically based on the standard glucose concentrations and mean absorbance of three replicate wells. Average (three wells) glucose concentration in extracted samples of plant tissue was calculated according to the standardcurve equation, sample solution absorbance, extract volume, and the actual mass of each tissue sample.
Fructose, the second of the three serial assays, was initiated by adding 10 μL of the prepared PGI enzyme (0.25 EU) to each well. Microplates then were covered and incubated for 15 min at 30°C. This step converts fructose in the sample extract to glucose. Absorbances of uncovered microplates were measured at 340 nm to obtain the sum of glucose and fructose concentrations.
Sucrose, the fi nal assay of the sequence, was begun by adding 10 μL of the prepared invertase solution (83 EU) to each well and then covering the microplates and incubating for 60 min at 30°C before reading absorbances at 340 nm of an uncovered microplate to obtain the overall sum of glucose + fructose + sucrose equivalent concentrations as glucose. Concentration of sucrose was calculated from the following equation: Sucrose = [overall sum of glucose equivalents − (glucose + fructose)] × 0.96 where 0.96 accounts for a water molecule added when sucrose is hydrolyzed to glucose and fructose.
Fructan Assay
Fructan, dominant ethanol-soluble polysaccharides in coolseason grasses, was quantifi ed according to Skinner et al. (1999) with some modifi cations. Briefl y, a 0.2-mL aliquot of clear EtOH extract was transferred to a 1.5-mL microtube and placed in an oven for 30 min at 50°C to evaporate EtOH and dry the contents. Then, 0.5 mL of 0.2 M HOAc was added to each microtube and contents of the sealed microtubes were digested for 1.5 h in a boiling water bath before cooling to room temperature and neutralizing the acid digest with 0.1 mL of 1 M NaOH. This procedure breaks down the fructan polysaccharide to fructose. The neutralized acid digest was diluted to 1 mL with 0.4 mL of DI water and 10 μL of digest plus 10 μL of DI water were pipetted into three separate wells of a 96-well microplate. Next, the enzyme combination of glucose assay reagent (100 μL) + PGI (10 μL) + invertase (10 μL) were added to each well. Microplates containing samples and enzyme mixture were covered and placed in a small incubator at 30°C for 60 min. Absorbance values of uncovered microplates were measured at 340 nm, providing a sum of total soluble sugar glucose equivalents. Glucose, fructose, and sucrose levels that had been determined separately were then subtracted from the total EtOH soluble sugars to provide an estimate of fructan (Skinner et al., 1999) .
Starch Assay
Starch concentration was determined by measuring glucose in an aliquot of supernatant following hydrolysis of starch in the sample residue remaining after EtOH extraction of soluble NSC fractions. The glucose assay of the supernatant (10 μL plus 10 μL of DI water in each microplate well) was performed for released glucose, as described above. Starch concentration in the sample was calculated according to the glucose concentration in the tissue residue multiplied by 0.9 to account for water loss when glucose units are linked to form starch.
Precision, Stability, and Optimization of Nonstructural Soluble Carbohydrate Assays
The precision of glucose measurements for microplate assays of the glucose standards using the reagents adapted from the GAHK-20 kit was evaluated by comparing the absorbance results of four separate microplates. The stability of the absorbance measurements of glucose standards as a function of incubation time at 30°C was determined at the end of the three sequential assays for glucose, fructose, and sucrose and following this last of the sequential assays an additional set of absorbance measurements of the same microplates were made after an additional 60-min incubation at 30°C. There were a total of four incubation times at 30°C: 15 (glucose), 30 (fructose), 45 (sucrose), and 105 min (post sucrose). In addition, this test provided an assessment of subsequent interferences from enzyme solutions used for the fructose and sucrose assays in the sequential assays performed in the microplate.
Four diff erent concentrations (0, 0.0625, 0.125, and 0.250 mg mL −1 ) of fructan (inulin, Sigma I2255) standard solutions were prepared to determine if additions of fructan to EtOH extract of a forage sample interferes with assays of glucose, fructose, and sucrose. Ethanol extracts of 'Dalita' hybrid ryegrass and 'Minamiaoba' Italian ryegrass forage samples were prepared and 20-μL aliquots of the extracts were added to microplate wells and dried at 50°C. Then, 20-μL aliquots of the inulin standards were added to wells containing dried forage extracts before performing glucose, fructose, and sucrose assays. Three replicate wells were used for each fructan addition treatment. Glucose, fructose, and sucrose concentrations were measured using the assay procedures described above.
Recovery and interference among glucose, fructose, and sucrose were also tested using standard fructose and sucrose alone or in combinations with glucose. Concentrations of the standards prepared in DI water ranged from 0.0025 to 0.500 mg mL −1
. Their concentrations were measured using the sequential assay procedures described above. Each treatment used three replicate wells in a 96-well microplate. The individual sugar recovery was calculated using the following formula:
Recovery (%) = (measured concentration/prepared standard concentration) × 100
Eff ects of incubation time at 30°C on the measurement of glucose formed after starch solubilization and hydrolysis were compared by analyzing starch concentrations of 24 cool-season forage samples. Supernatants prepared for starch measurements were incubated for either 15 or 90 min at 30°C. Similarly, the eff ects of the sucrose assay incubation time at 30°C on the sum of glucose, fructose, and sucrose concentrations of these same 24 forage samples were evaluated. Glucose and fructose were each assayed after 15-min incubations at 30°C, which was followed by either 15-or 90-min incubations for the sucrose assay. To complement this last experiment, aliquots of EtOH extracts from 40 forage samples were added to duplicate wells of three 96-well microplates and dried at 50°C before adding 20 μL of DI water to each sample well. Eight glucose standards (20-μL aliquots, duplicate wells) were added to the remaining empty wells in each microplate. One microplate was used for analysis of only glucose, one for glucose + fructose, and the third for glucose + fructose + sucrose. All wells in the three microplates received the glucose (HK) assay reagent, those of the second and third microplates received PGI (glucose + fructose assay) following a 15-min incubation at 30°C, and those of the third microplate then received invertase (glucose + fructose + sucrose assay) after incubation at 30°C for 15 min following PGI addition. Absorbances were measured at select times during incubation at 30°C. The glucose assay measurements occurred at 15, 30, 45, and 90 min. The fructose assay measurements began at 30 min and measurements of glucose + fructose + sucrose began at 45 min, and each of these assays were measured again at 15-min intervals until 135 min following the addition of the glucose assay reagent.
Statistical Methods
Data analyses were performed in JMP 6.0.3 (SAS Institute, 2006) . Linear and quadratic equations were generated using the Fit Y by X platform. Paired data that compared the eff ect of incubation time at 30°C on the sum of glucose + fructose + sucrose concentration and on the measurement of glucose derived from starch were analyzed using the Matched Pairs platform. The eff ect of added fructan on measurements of glucose, fructose, and sucrose in EtOH extracts of forage samples was determined by ANOVA using the Fit Model platform. Added fructan (four levels) and forage species (two levels) were analyzed as fi xed eff ects in the ANOVA model.
RESULTS AND DISCUSSION
Linearity, Precision, and Stability
Calibration curves having strong linear relationships for a broad range of glucose concentrations and absorbances along with measurement precision among diff erent microplates are essential for robust assays. The discontinued Sigma colorimetric kit for glucose measurement required about 60 min to complete the sequential assays of glucose, fructose, and sucrose in the microplate format (Hendrix, 1993) . Therefore, linearity and stability were major concerns during the assay period. Our glucose standard curves generated from the microplate enzymatic assays adapted from the GAHK-20 glucose measurement kit demonstrated that glucose concentration and absorbance at 340 nm were strongly linear (r 2 = 0.996-0.999) for glucose ranging from 0 to 0.500 mg mL −1 (Fig. 1) . Based on standard errors of the linear regression parameters, standard calibration lines did not diff er among the four microplates (Fig. 1A) , indicating excellent precision of glucose measurements with the current Sigma glucose kit adapted to the microplate format. The absorbances for the glucose standards remained constant at each sequential step of the assays (incubations and added enzymes) for glucose, fructose, sucrose, including the additional 60-min incubation that resulted in a total incubation time of 105 min at 30°C (Fig. 1B) . Hendrix (1993) found the iodonitrotetrazolium violet/enzyme-based glucose colorimetric assay of NSC in EtOH extracts of plant tissue was sensitive to light, and the glucose enzyme reaction and absorbance measurement required careful timing. The microplate-adapted GAHK-20 method is not sensitive to light, and all laboratory procedures for NSC assay can be conducted with normal laboratory lighting.
Interference and Recovery
Glucose, fructose, and sucrose concentrations in the EtOH extracts of two forage samples were generally not aff ected by increasing concentrations (0-0.250 mg mL −1 ) of inulin added to the extracts (Table 1) . For the fructose assay, the main eff ect of inulin addition was borderline signifi cant. However, the eff ect of inulin treatment on the fructose assay was inconsistent. Mean concentrations of fructose averaged across varieties ranged from 0.109 mg mL −1 (inulin, 0 mg mL ), but these fructose concentrations, which were signifi cantly diff erent, did not diff er from those measured with 0.0625 and 0.250 mg mL −1 of added inulin. Although we did not test for the presence of glucose, fructose, and sucrose in the stock solution of inulin used in this test, it is unlikely that these contaminants were present at more than trace levels. While there was a signifi cant variety × inulin interaction for the sucrose assay, within each variety sucrose concentration diff erences among the levels of added inulin were not signifi cant (Table 1) . These results indicated that assays of glucose, fructose, and sucrose in EtOH extracts should be free of interference by the presence of fructan usually found in extracts of cool-season grass forages.
Analyses of a series of concentrations for standard fructose and sucrose alone gave recoveries of 93 to 112% and 92 to 102%, respectively (Table 2 ). Binary combinations of standard glucose, fructose, and sucrose yielded recoveries of 91 to 106%, except at the low concentration of fructose (0.025 mg mL −1 ), which had 80 to 88% recovery. These results indicated no marked interferences among soluble sugar components for enzyme reactions associated with the three sequential assays, and that EtOH extracts with sugar component concentrations >0.025 mg mL −1 should provide superior results.
Enzyme Reaction Timing
The total concentration of glucose + fructose + sucrose in the EtOH extracts of 24 cool-season forage samples was signifi cantly greater (23%) when incubation of the reaction mixture at 30°C was extended from 15 to 90 min (Fig. 2 , G + F + Su) after adding invertase for the assay of sucrose following the sequential assays of glucose and fructose. In contrast, increasing the incubation time from 15 to 90 min following the addition of the HK glucose assay reagent resulted in a <1% increase in the detection of the glucose derived from starch solubilized and hydrolyzed from the tissue residue of 24 cool-season forage samples extracted with EtOH (Fig. 2, Starch) . The mean glucose concentrations detected in the assay mixture following the enzymatic hydrolysis of the starch from these low-starch-accumulating forage samples were 0.0688 and 0.0694 mg mL −1 for the 15-and 90-min assay incubations, respectively. Though the assay concentration diff erence in glucose (hydrolyzed from starch) between the two incubation times was statistically signifi cant (P > |t| = 0.0129), from a practical standpoint the 15-min incubation is suffi cient for a timely and precise assay. This result is consistent with the GAHK-20 kit instructions that indicate absorbance measurement for glucose can be made 15 min after pipetting the HK glucose reagent into the sample solution and incubating the enzyme reaction mixture at room temperature. Results of these tests indicated that enzymes PGI (fructose assay), invertase (sucrose assay), or both, used with the EtOH extracts of NSC require more incubation time at 30°C to convert fructose or sucrose to glucose.
Optimization of incubation time for fructose and sucrose were determined in a follow-up test. The followup test results (Fig. 3) further confi rmed that a 15-min incubation at 30°C is suffi cient for the glucose assay, because in response to incubation time the slope of the overall mean glucose concentrations of EtOH extracts from 40 forage samples was not signifi cantly diff erent from 0. Similarly, the concentration response of glucose + fructose following addition of PGI did not change in Figure 1 . Linear regressions for glucose standard calibrations using the GAHK-20 kit (Sigma Chemical Co., St. Louis, MO) adapted to the microplate format. Concentrations of glucose standards ranged from 0 to 0.500 mg mL −1 and absorbances of reaction solutions were measured at 340 nm. (A) Absorbance results obtained for glucose standards added to four separate microplates and incubation for 15 min at 30°C after addition of the kit enzyme reagent mixture and (B) for a single microplate at different times after pipetting the kit enzyme reagent mixture and incubation for 15 min at 30°C, followed by addition of phosphoglucose isomerase and incubation for 15 min (30 min total) at 30°C, and fi nally invertase and incubation for 15 and 75 min (45 and 105 min totals) at 30°C. Each data point is the mean absorbance of three reaction wells.
response to incubation time. In contrast to and consistent with our results for the assay of the 24 forage samples presented earlier (Fig. 2, G + F + Su) , the overall mean concentration of glucose + fructose + sucrose was significantly aff ected by incubation time following addition of invertase (Fig. 3) . The incubation time response for the sucrose assay step was quadratic and was near a maximum at 60 min after addition of invertase (105 total min for the assay series). Consequently, incubation at 30°C for 60 min after the addition of invertase should suffi ce for the sucrose assay. An increase in the incubation temperature could reduce invertase reaction time (Hendrix, 1993) ; however, this would require an additional incubator, set at a temperature greater than that used for the glucose and fructose assays, the fi rst two assays in the sequential series of three assays. The 30°C incubation temperature used for the three assays allows a measure of convenience because only one incubator is needed. Additionally, it is unknown if a temperature increase for the last test in the sequence would aff ect the glucose assay reagent or PGI reactions. The response of enzyme reactions to temperature was not tested in our study.
Benefi ts of the Microplate Method
Microplate methods produce precise and accurate assays of NSC components (i.e., glucose, fructose, sucrose, fructan, and starch) in grass forages as reported in this study and additional studies that used other plant materials (Hendrix, 1993; Zhao and Oosterhuis, 1998; Skinner et al., 1999; Velterop and Vos, 2001 The incubation time for sucrose was 60 min after adding invertase to the wells. ‡ Conc., concentration.
no need to use fructose or sucrose standards in the sequential series of assays. Therefore, with the microplate format less enzyme reagents can be used for the EtOH extracts of plant samples, thereby improving use of reagents contained in the GAHK-20 kit. For instance, one vial of mixed enzyme reagent in the replacement glucose assay kit from Sigma can be used to perform a maximum of nearly 200 sample assays (i.e., two 96-well microplates; single well per standard and sample) instead of only 20 samples using the test-tube-reaction method recommended by Sigma Chemical Co. Such adaptations greatly increase the throughput of samples and save on reagents used, providing not only an economic savings but also signifi cantly reducing the amount of waste generated per sample. 
